Purpose of Review The intersection of tuberculosis (TB) disease and type 2 diabetes mellitus is severely hindering global efforts to reduce TB burdens. Diabetes increases the risk of developing TB disease and negatively impacts TB treatment outcomes including culture conversion time, mortality risk, and TB relapse. Recent evidence also indicates plausible mechanisms by which TB disease may influence the pathogenesis and incidence of diabetes. We review the epidemiology of stress hyperglycemia in patients with TB and the pathophysiologic responses to TB disease that are related to established mechanisms of stress hyperglycemia. We also consider clinical implications of stress hyperglycemia on TB treatment, and the role of TB disease on risk of diabetes post-TB. Recent Findings Among patients with TB disease, the development of stress hyperglycemia may influence the clinical manifestation and treatment response of some patients and can complicate diabetes diagnosis. Summary Research is needed to elucidate the relationship between TB disease and stress hyperglycemia and determine the extent to which stress hyperglycemia impacts TB treatment response. Currently, there is insufficient data to support clinical recommendations for glucose control among patients with TB disease, representing a major barrier for efforts to improve treatment outcomes for patients with TB and diabetes.
Introduction
The coexistence of type 2 diabetes mellitus and active tuberculosis (TB) is an increasing public health problem, especially in low and middle-income countries where both diseases are common [1, 2] . Tuberculosis is the leading infectious disease cause of death among adults worldwide. There are 10.4 million incident TB cases each year, and more than 16% of global This article is part of the Topical Collection on Other Forms of Diabetes and Its Complications TB cases result in death, equating to nearly two million TB patient deaths annually [3] . Worldwide, the burden of diabetes is increasing at alarming rates-in 2017 there were 425 million adults with prevalent diabetes compared to 285 million in 2010 [4] . Adding to this threat, the overwhelming majority (80%) of adults with diabetes reside in low-and middleincome countries where TB epidemics remain a leading cause of morbidity and mortality [2, 4] . Diabetes increases the likelihood of developing TB disease by approximately two to three times [5] and results in poor TB treatment outcomes, doubling the risk of TB mortality and TB relapse [5] [6] [7] . Diabetes' impact on TB control is particularly alarming, as an estimated 11% of all global TB deaths are attributable to diabetes [8] .
Diabetes' negative impact on TB risk is well-established. In addition, emerging evidence indicates TB disease may increase the risk of diabetes and other non-communicable diseases [9, 10, 11•] . The host immune response to active TB disease results in a prolonged state of systemic inflammation. While necessary for the immune response to TB disease, this persistent inflammatory state may result in secondary physiologic stress that has untoward negative metabolic effectssuch as stress hyperglycemia. Stress hyperglycemia, defined as a transient hyperglycemia induced by acute illness, is distinct from chronic glucose dysregulation of diabetes [12•, 13] . Given the increasing global burdens of TB-diabetes comorbidity, further attention is needed to elucidate the role of stress hyperglycemia during TB disease and its impact on TB clinical outcomes and diabetes incidence.
This review focuses on stress hyperglycemia, with or without pre-existing diabetes, in the context of TB disease. The aim of this review is to summarize findings from recent research to provide an up-to-date overview of the relationship between TB disease and stress hyperglycemia. Our review examines the epidemiology of stress hyperglycemia in the context of TB disease and highlights possible pathophysiologic mechanisms of stress hyperglycemia during TB disease. We also explore the clinical and treatment consequences of stress hyperglycemia and examine the impact of TB-induced stress hyperglycemia on risk of diabetes post TB treatment. We did not conduct a systematic review but have comprehensively searched PubMed, Embase and Google Scholar databases to summarize the literature, focusing on research published during the past 5 years.
Epidemiology of Stress Hyperglycemia During Active TB Disease
In the past 5 years, clinical studies have brought much needed attention to the impact of diabetes on TB risk. Awareness of TB-diabetes comorbidity has led to increased screening for diabetes in TB clinics, and new diabetes diagnoses among patients starting TB treatment are common [14, 15] . Among patients with TB disease who are screened and have hyperglycemia at the start of TB treatment, a high proportion (range 8 to 87%) receive a new diabetes diagnosis (not previously known to have diabetes) (Table 1) . However, most studies to date have not determined what proportion of these new diabetes diagnoses have diabetic levels of blood glucose due to stress hyperglycemia in response to active TB, and what proportion have previously undiagnosed but pre-existing diabetes. The nature of TB disease is prolonged, with typical treatment duration of 6-8 months for drug sensitive TB and 9- (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) 24 months for multidrug-resistant [MDR] TB. Because most existing data on stress hyperglycemia come from critical care patients with acute illness, the natural history and duration of stress hyperglycemia for patients with TB disease may be different given its relative chronic nature. To determine whether a patient with TB has stress hyperglycemia or pre-existing diabetes, clinical studies are needed to monitor glucose levels at regular intervals during TB treatment and for several months after the infection has resolved. The few studies that measured blood glucose levels at the start of TB treatment and again at follow-up visits during or at the end of TB treatment reported a general decrease in prevalence and severity of hyperglycemia during the course of TB treatment. For example, studies from Iran [28] , Pakistan [25] , and Tanzania [20•] reported > 50% of patients with TB and newly diagnosed hyperglycemia reverted blood glucose levels to normal after 3 or 6 months of TB treatment. In contrast, a 2017 study among Chinese patients with TB without previously diagnosed diabetes reported that 80% (16/20) of patients who had initial hyperglycemia (fasting blood glucose [FBG] > 110 mg/dL) remained hyperglycemic after 6 months of TB treatment [29] . However, an important limitation of the abovementioned studies was that the use of hypoglycemia agents during TB treatment was not carefully measured. Moreover, existing studies have used various tests to measure blood glucose and at different time intervals, making it difficult to estimate or compare the prevalence of and change in hyperglycemia among patients with TB. An on-going study from Chennai, India that has measured blood glucose levels at the time of TB diagnosis, during treatment, and 1 year after treatment completion is forthcoming and will help to clarify the frequency of stress hyperglycemia during and after TB treatment [23••] . In summary, limited studies that monitored changes in blood glucose levels during TB treatment suggest heterogeneity in glucose trajectories, but preliminary data indicate a majority of patients with hyperglycemia (without previously diagnosed diabetes) at the time of TB treatment start may have stress hyperglycemia.
The proportion of patients with TB disease and hyperglycemia that have previously diagnosed diabetes, undiagnosed pre-existing diabetes, or stress hyperglycemia is influenced by a number of population-and individual-level factors. First, structural determinants of health such as healthcare system factors affect availability of and access to primary care and diabetes screening services, these in turn influence the frequency and distribution of undiagnosed diabetes [30] [31] [32] [33] . Many resource-limited settings with high TB burdens do not have healthcare systems with adequate capacity to prevent, screen, and care for diabetes for the general population. Globally, an estimated 46% of adult diabetes cases are undiagnosed, and 84% of these patients live in low-and middleincome countries where TB burdens are the greatest [3, 32] . Thus, in settings with limited access to diabetes screening, a higher proportion of patients with TB and hyperglycemia are likely to have undiagnosed pre-existing diabetes. Second, TB disease characteristics including the duration of illness, severity of symptoms, degree of mycobacterial burden, and extent of lung cavitation may be associated with increased frequency and severity of stress hyperglycemia [23••, 18] . Third, the quality of TB healthcare programs and access to TB treatment facilities also impact whether patients with TB disease experience diagnostic and treatment delays [34, 35] . Both diagnostic and treatment delays prolong TB disease and lead to worse prognosis, a factor that may also increase the likelihood of stress hyperglycemia. Fourth, the prevalence of other individual factors such as comorbidities (HIV, smoking status, hepatitis), nutrition, health seeking behaviors, and genetic variability all likely contribute to the extent of stress hyperglycemia among patients with TB [32] .
Pathophysiology of TB Disease and Stress Hyperglycemia
Stress hyperglycemia is a state of dysglycemia resulting from a variety of acute illnesses such as trauma, infection, surgery, or myocardial infarction, and typically resolves with the resolution of the precipitant condition. Stress hyperglycemia results from multiple signal pathways including counter regulatory hormones such as glucagon, growth hormone, catecholamine, and cortisol, and cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1 and IL-6. In the absence of definitive studies of TB disease and stress hyperglycemia, we can presume that some hyperglycemia among patients with TB is attributable to acute stress resulting from changes in the host immune, metabolic, and endocrine mechanisms during TB disease (Fig. 1) . During infections, whether with TB or other pathogens, pro-inflammatory cytokines and stress hormones can drive stress hyperglycemia by increasing hepatic glucose production and peripheral insulin resistance [36] [37] [38] [39] [40] . However, in contrast to other acute infections, the endocrine and immune responses in the context of TB disease are more prolonged in nature, as they may be activated during subclinical TB disease, symptomatic TB disease, during anti-TB treatment, and even after TB treatment [41, 42•] .
During initial Mycobacterium tuberculosis (Mtb) infection and during TB disease, pro-inflammatory and antiinflammatory cytokines such as interleukin (IL)-1, IL-6, IL-10, interferon (IFN)-γ, and tumor necrotic factor (TNF)-α are produced. In addition, macrophages generate nitric oxide and reactive oxygen species [43, 44] . In the context of obesity-related diabetes, increased pro-inflammatory cytokines, reactive oxygen species, and nitric oxide cause insulin resistance through a cascade of inflammation pathways leading to hyperglycemia [45] [46] [47] . Because increased levels of pro-inflammatory cytokines, reactive oxygen species and nitric oxide are hallmark of the host response to Mtb, similar mechanisms of hyperglycemia may be at play among patients with active TB.
Pro-inflammatory cytokines released during TB disease also activate the hypothalamic-pituitary axis, increasing the release of cortisol, prolactin, catecholamine, estradiol, dopamine, epinephrine, norepinephrine, and thyroid and growth hormones, while decreasing production of dehydroepiandrosterone and testosterone [41, [48] [49] [50] [51] [52] . A South African study by Opolot et al. in hospitalized patients (n = 160) reported that compared to patients with other acute stress conditions (n = 89), newly diagnosed smear positive TB patients (n = 71) had higher cortisol and dopamine levels than the non-TB group, and higher epinephrine and norepinephrine than normal levels [50•] . Another study among newly diagnosed male patients with pulmonary TB (n = 30) reported that growth and thyroid hormones, cortisol, estradiol, and prolactin levels were elevated, and dehydroepiandrosterone and testosterone level were lower compared to the healthy male control group (n = 19) [51] . Because catecholamine, cortisol, growth hormone, dopamine, epinephrine, and norepinephrine concentrations are elevated during TB disease, it is plausible that these elevations result in increased liver and kidney gluconeogenesis and glycogenolysis and insulin resistance in peripheral tissues that can lead to subsequent hyperglycemia [53] [54] [55] . In addition, decreased dehydroepiandrosterone and testosterone during TB disease is correlated with insulin resistance which can also indirectly increase the likelihood of hyperglycemia [56] [57] [58] .
Implications of Stress Hyperglycemia on TB Treatment Outcomes
Despite availability of effective antibiotic treatment regimens, TB is the leading cause of infectious disease death worldwide [59] , and the case fatality rate for all TB in 2016 was 16% [3] . Diabetes is a well-established risk factor for adverse TB treatment outcomes (important risk factors also include HIV, smoking, poor nutrition, drug-resistant TB, and others) [6, [60] [61] [62] . A meta-analysis of the effect of diabetes on TB treatment outcomes found that patients with diabetes had approximately twice the odds of death (pooled odds ratio [OR] 2.1, 95% confidence interval [CI] 1.8-2.5) and TB relapse (pooled OR 1.8, 95% CI 1.4-2.3) compared to patients without diabetes [63] . However, the majority of studies that estimated an association between diabetes and adverse TB outcomes did not stratify by previously diagnosed diabetes, undiagnosed pre-existing diabetes, or extent of hyperglycemia, and none have estimated the effect of stress hyperglycemia on TB treatment outcomes [64] .
Because prior studies have not rigorously measured stress hyperglycemia in patients with TB disease, it is not possible to directly characterize the relationship between stress hyperglycemia and TB treatment outcomes. Proxies for stress hyperglycemia reported in the published literature include newly diagnosed diabetes and glycemic control. A 2016 cohort study in Chennai by Kornfeld et al. that compared 2-month TB culture conversion among patients with known diabetes to those with newly diagnosed diabetes (at the time of TB diagnosis) did not report significant differences in proportions achieving culture conversion [23••, 65 ]. Yet, a 2015 study from the country of Georgia reported that patients with TB and newly diagnosed diabetes had significantly increased odds of cavitary disease at the start of TB treatment, a predictor of poor TB outcomes [20•] . The relationship between severity of hyperglycemia and TB treatment outcomes is better described than the effect of newly diagnosed diabetes on TB outcomes [66] . For example, Chiang et al. conducted a cohort study in Taiwan and reported lower mortality among patients with diabetes and higher levels of hyperglycemia (Hba1c > 9%) compared to lower levels of hyperglycemia (< 7%) mortality (6 vs. 18%) [65] . The same study did not report a meaningful difference in TB failure rate by level of hyperglycemia (3 vs. 4%). However, the Taiwanese study was limited because it did not stratified by history of diabetes diagnosis and excluded patients with stress hyperglycemia. Another Fig. 1 Metabolic and endocrine changes during tuberculosis disease that theoretically contribute to stress hyperglycemia. Pro-inflammatory and anti-inflammatory cytokines released during active tuberculosis disease stimulate increased production of cortisol, ACTH, prolactin, and growth hormone which increase gluconeogenesis and glycolysis in the liver and kidney, increase insulin resistance, and decrease glucose uptake resulting in increased blood sugar levels. Cytokines can also act on the hypothalamus-pituitary-gonadal axis resulting in lower DHEA and testosterone levels leading to increased insulin resistance followed by hyperglycemia. Cytokines, nitric oxide, and reactive oxygen species also increase insulin resistance and hyperglycemia. Abbreviations: IL Interleukin, TNF tumor necrosis factor, ACTH adrenocorticotropic hormone, T3 and T4 thyroid hormones, DHEA dehydroepiandrosterone study from Peru that measured diabetes medication use among 136 patients with TB and diabetes reported the highest risk of poor TB outcome among those receiving only insulin (38%) during TB treatment as compared to those receiving oral hypoglycemic agents (14%) or both (12%) [67] . Overall, studies that estimated the effects of glycemic levels on TB outcomes have heterogeneous results [64] , likely due to the timing of glucose levels measurements, severity of TB disease at baseline, type of diabetes care, and the complex amalgamation of patients with TB and previously diagnosed diabetes, undiagnosed pre-existing diabetes, and stress hyperglycemia.
Clinical Lessons from Critical Care Medicine
Even among patients without TB, treatment and management of stress hyperglycemia in critical care is controversial, in particular whether clinical targets should include tight versus normal glucose control [13] . Generally, the association between stress hyperglycemia and adverse outcomes differs by preexisting diabetes [68] . Critical care and surgery patients with no history of diabetes or patients with non-insulin treated diabetes are at increased risk of adverse outcomes with increasing levels of hyperglycemia [69, 70] . However, among patients with insulin-treated diabetes, there is a U-shaped relationship between risk of adverse outcomes (hospital length of stay, complications, and cost) and maximum glucose level; patients treated to achieve tight glucose control (< 180 mg/dL maximum glucose) may have higher risk of adverse outcomes [12•, 71] .
When and how patients with TB and hyperglycemia should be treated to reduce glucose levels remains an urgent gap in knowledge. Based on data from critical care settings, patients with TB and hyperglycemia should be stratified by history of diabetes and history of insulin therapy, as patients with TB and insulin treated diabetes may not benefit from tight glucose control during TB treatment. However, those with newly diagnosed diabetes (or stress hyperglycemia) who achieve tight glucose control may have better TB outcomes, decreased complication rates, and reduced mortality compared to untreated patients. Regardless of the relationship between TB and stress hyperglycemia, there is increasing evidence that all patients with TB disease should be screened for hyperglycemia at the start of TB treatment. At a minimum, patients with TB disease and newly diagnosed hyperglycemia should receive regular glucose monitoring through TB treatment in order to gather more evidence and guide future interventions or clinical trials.
Diabetes Incidence after Successful TB Treatment
The extent to which TB disease can lead to an increased risk of developing diabetes is unknown. The natural history from normoglycemia to diabetes includes several stages, often following a directed pathway from subclinical diabetes to prediabetes before developing overt diabetes [72] . In some patients, stress hyperglycemia resulting from TB disease may accelerate or advance the progression from normoglycemia toward pre-diabetes or diabetes. Limited data suggest that for the majority of patients with TB disease and stress hyperglycemia, glucose levels reduce or return to normal during TB treatment or post TB treatment [20•, 25, 73] . However, whether stress hyperglycemia during TB disease is an independent risk factor for incident pre-diabetes or diabetes post TB treatment remains unclear.
Animal model studies have demonstrated that TB infection alone is sufficient to induce stress hyperglycemia [74] [75] [76] . But studies among humans have not definitively demonstrated that TB disease alone can induce hyperglycemia. Limited observational studies in humans reported increased risk of hyperglycemia and diabetes incidence post TB treatment. For example, observational studies from Pakistan, Iran, and Tanzania reported that a substantial proportion of patients with TB and newly diagnosed hyperglycemia (i.e., new diagnoses of prediabetes or diabetes) at TB initiation had persistent hyperglycemia at the end of TB treatment (proportion range 26-43%) [20, 25, 28, 77] . However, for how long this persistent hyperglycemia remains post TB treatment has not been evaluated, and existing data cannot distinguish whether newly diagnosed diabetes at the time of TB disease was pre-existing or due to stress hyperglycemia. Furthermore, a population-based study of patients with a history of TB disease from Denmark reported an increased risk of diabetes incidence compared to those without a history of TB disease [78] . In another example, a retrospective study using primary care data from the UK reported that the incidence of diabetes was significantly higher among those who previously had TB disease (pulmonary or extra-pulmonary TB) compared to those without a history of TB (incidence rate ratio range 2.2-5.4) [79] . Lastly, a preliminary retrospective cohort study of patients with history of pulmonary or extrapulmonary TB from Taiwan reported that the incidence rate of diabetes was higher among patients previously treated for TB disease compared to Taiwan's national diabetes incidence estimates during a similar time period [80] .
Although a bi-directional relationship between TB disease and diabetes has been long hypothesized [81] , the biological pathways by which TB disease can increase the risk of diabetes remains unclear. One plausible mechanism by which TB disease may lead to diabetes progression post TB treatment is through stress hyperglycemia and persistently elevated blood glucose levels during TB treatment. As an analogy, intensive care unit (ICU) patients with stress hyperglycemia have increased risk of developing diabetes after hospital discharge. A meta-analysis of cohort studies (n = 4) that followed ICU patients after discharge reported that stress hyperglycemia, compared to normoglycemia at ICU admission, was significantly associated with diabetes diagnosis ≥ 3 months after discharge (pooled OR 3.5, 95%CI 2.0-6.0) [82•] . Similarly during TB disease, persistently elevated blood glucose levels may be a biomarker of severe TB clinical manifestation [83] [84] [85] , suggesting chronic infection. Such patients may experience prolonged proinflammatory response including stress hyperglycemia. This chronic hyperglycemia during TB disease may be a catalyst for some patients with preexisting pre-diabetes which advances the disease toward overt diabetes [86] during or after TB treatment. A cohort study conducted in Chennai, India reported that patients with TB and newly diagnosed diabetes had significantly lower HbA1c levels compared to those with known diabetes (i.e., previously diagnosed diabetes) [23••] , suggesting that TB disease alone might progress patients with elevated blood glucose level prior to TB infection into a diabetes classification at the time of TB treatment initiation. Epigenetic memory is another plausible mechanism by which TB disease may impact diabetes risk after TB treatment [87, 88] . Epigenetics refers to genetic mechanisms that alter gene functions without changing the DNA sequence, these mechanisms include DNA methylation, histone modification, and microRNA (i.e., a group of non-coding RNA molecules) [89] . In gestational diabetes, leptin DNA methylation has been identified as a mechanism of adaptation of increased blood sugar level or impaired glucose metabolism during pregnancy [90] . Leptin is a adipocytokine that is associated with energy metabolism and insulin control [90] , and altered leptin signaling may be associated with increased risk of diabetes [91] . Analogous to gestational diabetes, where hyperglycemia during a specified period of time (pregnancy) increases the long-term risk of diabetes incidence, it is plausible that transient or persistent hyperglycemia during or at the end of TB treatment could leave an epigenetic imprint in tissue and vascular cells which in turn affect the expression of the proatherogenic gene even during subsequent normoglycemic periods [86, 92] . Thus, similar to the increased risk of post-partum diabetes among mothers with prior gestational diabetes [93] , we would expect to see an increased of diabetes incidence among patients previously treated for TB disease, especially those with persistent hyperglycemia.
Empirical evidence to support the premise that TB disease increases the risk of both hyperglycemia and diabetes remains limited. To date, prospective cohort studies to assess the longterm risk of diabetes post TB treatment are lacking. In addition, differentiating newly diagnosed diabetes due to preexisting disorders and newly progressed diabetes (TBinduced) remains a challenge. If TB disease increases the risk of diabetes post TB treatment, an estimated 10.4 million of new TB cases diagnosed each year [94] will be at a risk of developing diabetes and would likely contribute to the global burden of diabetes. Collecting TB disease history data within diabetes surveillance systems would be useful to estimate the potential impact of TB on diabetes burdens. If studies determine that TB disease increases the risk of developing diabetes, subsequent research should seek to identify clinical and host characteristics among patients with TB that are associated with the greatest increased risk of diabetes. Risk scores for diabetes incidence among patients with TB will help to target specific diabetes prevention interventions. Bi-directional screening for TB -diabetes (i.e., screening for TB among patients with diabetes and screening for diabetes among patients with TB) has been proposed and may improve disease management for both TB and diabetes [14, 86] , but to date has not included systematic screening of patients with history of TB for diabetes. The optimal time and laboratory measure to screen for diabetes among patients with a history of TB is unclear but will likely differ by setting. Point-of-care HbA1c may be programmatically the most feasible and provide high sensitivity, but is likely to cost prohibitive in resource limited regions. Risk scores and screening algorithms with various laboratory measures need to be tested for diabetes diagnostic accuracy and cost effectiveness among patients with previous history of TB. Importantly, observational epidemiologic studies are needed to establish the effects of TB disease on diabetes incidence before clinical guidelines and public health programs can be developed and evaluated.
Conclusion
The growing clinical and public health burden attributed to TB-diabetes comorbidity poses new concerns about the role of stress hyperglycemia during TB and its impact on TB outcomes and post-TB diabetes risk. Many host inflammatory pathways activated in TB disease can drive stress hyperglycemia. Despite the physiological plausibility of TB-induced hyperglycemia, basic descriptive data on the frequency and severity of stress hyperglycemia in patients with TB has yet to be conclusively characterized.
A number of studies have found that a high proportion of patients with TB-diabetes are newly diagnosed with hyperglycemia during or at the start of TB treatment. Therefore, it is plausible that some patients with TB disease who meet diabetes diagnostic criteria do so as a result of TB-induced stress hyperglycemia. Further, the extent of hyperglycemia tends to decrease during TB treatment (among patients with and without previous diabetes diagnosis), but whether these changes in glycemic levels during TB treatment affect treatment outcomes is unknown.
The ability to make recommendations for glucose control among patients with TB-diabetes is critically limited due to existing gaps in knowledge. Each year there are an estimated one million new patients with TB-diabetes, yet clinicians treating these patients do not have sufficient data to make an evidence-based decision about how, when, and to what extent to target glucose control. If glucose control targets for patients with TB-diabetes are similar to critically ill patients, efforts to achieve tight glucose control during TB treatment may increase the risk of poor outcomes and ideally should be based on pre-TB levels of hyperglycemia. Finally, the extent to which stress hyperglycemia and chronic dysglycemia impacts future risk of diabetes incidence, diabetes complications, and other non-communicable disease should garner more attention in both the TB and diabetes research communities. 
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